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Abstract	  
In	  vascular	  plants,	  water	  moves	  upwards	  through	  xylem	  vessels/tracheids	  due	  
to	  negaCve	  pressures	  created	  by	  the	  evaporaCve	  pull	  of	  water.	  Under	  severe	  
dehydrated,	  extreme	  negaCve	  pressures	  are	  known	  to	  cause	  xylem	  cavitaCon	  
and	  embolism.	  In	  seed-­‐bearing	  plants,	  the	  mechanical	  support	  of	  stem	  xylem	  
has	  been	  shown	  to	  be	  a	  good	  predictor	  of	  cavitaCon	  resistance,	  presumably	  
because	   sclerenchyma	   ﬁbers	   bu3ress	   against	   micro-­‐fracture	   or	   collapse	   of	  
conduit	   walls.	   In	   spore-­‐bearing	   plants,	   such	   as	   ferns,	   current	   anatomical	  
theory	  indicates	  that	  mechanical	  support	  lies	  external	  to	  underlying	  xylem,	  in	  
the	  outer	  hypodermal	  region,	   leaving	  the	  central	  xylem	  in	   ferns	  without	  any	  
ﬁber	   support.	   In	   light	   of	   this	   anatomical	   diﬀerence,	   we	   hypothesized	   that	  
there	  would	  be	  no	  correlaCon	  between	  the	  mechanical	  strength	  of	  fern	  sCpes	  
and	  their	  cavitaCon	  resistance.	  In	  this	  study	  we	  used	  dehydraCon	  tolerance	  of	  
twelve	   California	   fern	   species	   as	   a	   surrogate	   for	   cavitaCon	   resistance.	   We	  
used	  a	  Scholander-­‐Hammel	  pressure	  chamber	  to	  examine	  minimum	  seasonal	  
water	   potenCal	   (Ψmin)	   and	   pressure-­‐volume	   curves	   to	   esCmate	   the	   osmoCc	  
potenCal	  of	   leaf	  Cssue	  at	   the	   turgor	   loss	  point	   (Ψs,tlp).	  We	  used	  a	   four	  point	  
bending	   test	   via	   an	   Instron	   Mechanical	   TesCng	   Devise	   to	   esCmate	   sCpe	  
mechanical	   strength	   (Modulus	   of	   ElasCcity,	   MOE).	   	   	   We	   found	   large	  
diﬀerences	   among	  our	   12	   fern	   species.	   	  Minimum	   seasonal	  water	   potenCal	  
varied	  between	   -­‐1.1	   and	   -­‐8.3	  MPa	  and	  mean	  Ψs,tlp	   varied	  between	   -­‐1.1	   and	  
-­‐3.4	  MPa.	  	  Modulus	  of	  ElasCcity	  of	  fern	  sCpes	  varied	  nearly	  ten-­‐fold,	  between	  
0.0025	  N/m2	  and	  0.023	  N/m2.	  Consistent	  with	  our	  iniCal	  hypothesis,	  we	  found	  
no	   correlaCon	   between	   the	   mechanical	   strength	   of	   stems	   (MOE)	   and	   their	  
dehydraCon	  tolerance,	  either	  in	  terms	  of	  Ψs,tlp	  (r2	  =	  0.005)	  or	  Ψmin	  (r2	  =	  0.011).	  
Taken	   together,	   we	   speculate	   that	   the	   lack	   of	   a	   correlaCon	   between	   sCpe	  
mechanical	   strength	   and	   dehydraCon	   tolerance	   reﬂects	   the	   relictual	  
separaCon	   of	   fern	   water	   transport	   conduits	   from	   mechanical	   support.	  
Fig.	  1:	  Mechanical	  strength	  was	  measured	  	  
by	  a	  four-­‐point	  bending	  method	  using	  an	  
Instron	  mechanical	  tesCng	  machine.	  
Fig.	  2:	  Mechanical	  strength	  was	  esCmated	  
in	  terms	  of	  Modulus	  of	  ElasCcity	  (MOE)	  
and	  Modulus	  of	  Rupture	  (MOR).	  
Fig.	  4:	  Pressure-­‐volume	  curves	  were	  generated	  using	  a	  Scholander-­‐Hammel	  pressure	  
chamber,	  following	  the	  methods	  of	  Saruwatari	  and	  Davis	  (1989).	  Minimum	  seasonal	  
water	  potenCal	  for	  each	  species	  was	  also	  obtained	  using	  the	  pressure	  chamber.	  
Materials	  and	  Methods	  
Fig.	  3:	  Anatomical	  measurements	  were	  made	  
using	  a	  light	  microscope,	  an	  ocular	  micrometer,	  
and	  ImageJ	  sobware.	  
Fig.	  5:	  Soil	  moisture	  was	  measured	  with	  a	  
soil	  moisture	  meter	  which	  used	  the	  Cme-­‐
domain	  reﬂectometry	  (TDR)	  method	  to	  
integrate	  soil	  moisture	  over	  20	  cm.	  
Results	  
Related	  Studies	  
Jacobsen	  et	  al.,	  2005	   Jacobsen	  et	  al.,	  2005	  
Previous	  studies	  of	  seed-­‐bearing	  plants	  have	  shown	  a	  strong	  correlaCon	  between	  stem	  
mechanical	  strength	  and	  cavitaCon	  resistance	  (50%	  LC).	  Jacobsen	  et	  al.	  (2005)	  a3ributed	  this	  
correlaCon	  to	  the	  strong	  ﬁbers	  embedded	  in	  the	  xylem	  of	  the	  stem.	  Since	  ferns	  do	  not	  have	  


























Santa	  Monica	  Mountains:	  We	  sampled	  
ferns	  growing	  in	  the	  understory	  of	  
chaparral	  shrubs	  in	  a	  dry,	  southern	  
California	  climate,	  experiencing	  6	  to	  9	  
rainless	  months	  each	  year.	  	  Annual	  
precipitaCon	  is	  about	  430	  mm.	  	  
Santa	  Cruz	  Mountains:	  We	  sampled	  ferns	  
growing	  both	  in	  Henry	  Cowell	  Redwoods	  
State	  Park	  and	  on	  the	  UC	  Santa	  Cruz	  campus.	  
This	  site	  experiences	  about	  twice	  the	  annual	  
precipitaCon	  of	  our	  site	  in	  the	  Santa	  Monica	  
Mountains.	  
Introduc%on	  
In	   seed-­‐bearing	  plants,	   the	  mechanical	   support	   for	   the	  vascular	   system	   lies	   in	  
the	   supporCng	   ﬁbers	   that	   surround	   vessel	   and	   tracheid	   conduits.	   This	  
mechanical	  support	  provides	  the	  plant	  with	  protecCon	  against	  implosion	  under	  
large	   negaCve	   pressures	   and	   cavitaCon	   (Jacobsen	   et	   al.	   2005).	   Plant	   species	  
with	   more	   mechanical	   support	   have	   been	   shown	   to	   be	   more	   cavitaCon	  
resistant	  due	  to	  this	  ﬁber-­‐strength	  protecCon	  (Jacobsen	  et	  al.	  2005).	  However,	  
current	  anatomical	  theory	  states	  that	   in	  ferns,	  the	  mechanical	  support	  for	  the	  
sCpe	   (stem)	   is	   uncoupled	   from	   vessels	   and	   tracheids.	   Support	   is	   relegated	   to	  
hypodermal	   sclerenchyma	   Cssue,	   external	   to	   vasculature,	   just	   under	   the	  
epidermis,	   around	   the	   perimeter	   of	   the	   sCpe,	   leaving	   the	   central	   vasculature	  
without	  the	  mechanical	  support	  observed	  in	  seed-­‐bearing	  plants.	  
	  
Given	   our	   current	   understanding	   of	   fern	   anatomy,	   it	   would	   be	   of	   utmost	  
importance	   to	   compare	   the	   mechanical	   strength	   of	   several	   fern	   species.	   If	  
indeed	   the	  mechanical	   support	   for	   the	   sCpe	   lies	   solely	   around	   the	   perimeter	  
and	   not	   within	   the	   vasculature,	   there	   should	   be	   no	   diﬀerence	   in	   sCpe	  
mechanical	   strength	   among	   fern	   species	   that	   are	   more	   and	   less	   resistant	   to	  
water	   stress.	   Therefore,	   we	   hypothesized	   that	   there	   would	   be	   no	   signiﬁcant	  
diﬀerence	  in	  the	  mechanical	  strength	  of	  the	  sCpes	  of	  water-­‐stress	  resistant	  and	  
water-­‐stress	  sensiCve	  species	  of	  fern.	  	  
	  
It	  should	  be	  noted	  that	  Jacobsen	  et	  al.	   (2005)	  used	  suscepCbility	  to	  cavitaCon	  
as	  a	  surrogate	  for	  resistance	  to	  water	  stress.	  In	  this	  study,	  we	  proposed	  to	  also	  
test	  water	   stress	   by	  means	   of	   the	   osmoCc	  water	   potenCal	   at	   the	   turgor	   loss	  
point	   (ΨΠ,	   TLP),	   percent	   soil	  moisture,	   and	  minimum	   seasonal	  water	   potenCal	  
(Ψmin).	   Furthermore,	   we	   directly	   measured	   resistance	   to	   cavitaCon	   in	   two	  
species	  using	  the	  centrifuge	  method	  for	  assessing	  vulnerability	  to	  cavitaCon	  as	  
described	  by	  Alder	  et	  al.	  (1997).	  
	  
Furthermore,	   we	   considered	   the	   possibility	   that	   some	   ferns	   might	   adapt	   to	  
water	   stress	   by	  means	   of	   osmoCc	   adjustment.	   This	   hypothesis	  was	   tested	  by	  
taking	  the	  osmoCc	  potenCal	  at	  the	  turgor	  loss	  point	  (ΨΠ,	  TLP)	  at	  diﬀerent	  points	  
in	  the	  season.	  We	  also	  compared	  ferns	  in	  the	  Santa	  Monica	  Mountains	  to	  ferns	  
in	  the	  Santa	  Cruz	  Mountains.	  	  
Hypothesis:	  There	  will	  be	  no	  signiﬁcant	  diﬀerence	  in	  the	  
mechanical	  strength	  of	  fern	  sCpes	  between	  water-­‐stress	  
resistant	  species	  and	  water-­‐stress	  sensiCve	  species.	  
Species	  Examined	  
Aa	  –	  Adiantum	  aleu,cum	  
Ac	  –	  Adiantum	  capillus-­‐veneris	  
Af	  –	  Athyrium	  ﬁlix-­‐femina	  
Aj	  –	  Adiantum	  jordanii	  
Da	  –	  Dryopteris	  arguta	  
Pc	  –	  Polypodium	  californicum	  
	  
Pg	  –	  Polypodium	  glycyrrhiza	  
Pm	  –	  Polys,chum	  munitum	  
Pn	  –	  Pellaea	  andromedifolia	  
Pq	  –	  Pteridium	  aquilinum	  
Pt	  –	  Pentagramma	  triangularis	  
Wf	  –	  Woodwardia	  ﬁmbriata	  
	  
Discussion	  
Our	   results	   are	   consistent	   with	   our	   original	   hypothesis	   that	   water-­‐stress	  
resistance	   in	   ferns	   does	   not	   relate	   to	   sCpe	   mechanical	   strength.	   All	   of	   the	  
parameters	   that	  we	   tested	   do	   not	   relate	   to	  mechanical	   strength.	   Furthermore,	  
the	   data	   obtained	   from	   our	   vulnerability	   curves	   (Ψ50)	   were	   consistent	   with	  
measured	  Ψmin,	  ΨMD,	  and	   	   naCve	   embolism,	   giving	   us	   conﬁdence	   that	   our	   data	  
were	  biologically	  consistent.	  	  
	  
Finally,	  we	  assessed	  the	  possibility	   	  that	  species	  might	  adjust	  osmoCcally	  to	  cope	  
with	   high	   water	   stress.	   This	   hypothesis	   was	   supported	   for	   two	   species	   that	  
showed	  signiﬁcant	   change	   in	  osmoCc	  potenCal	  at	   the	   turgor	   loss	  point	   (ΨΠ,	   TLP)	  
from	  June	  (moderate	  stress)	  to	  July	  (high	  stress).	  
Conclusions	  
•  The	  osmoCc	  water	  potenCal	   at	   the	   turgor	   loss	  point	  does	  not	   correlate	  with	  
MOE.	  
•  There	  does	  not	  appear	   to	  be	  correspondence	  between	  percent	   soil	  moisture	  
and	  MOE.	  
•  The	  minimum	  seasonal	  water	  potenCal	  does	  not	  correlate	  with	  MOE.	  
•  The	  water	  potenCal	  at	  50%	  loss	  conducCvity	  does	  not	  correspond	  to	  MOE.	  
	  
•  The	  minimum	   seasonal	  water	   potenCal,	   naCve	   embolism,	   and	  midday	  water	  
potenCal	   are	   consistent	   with	   the	   vulnerability	   curves	   generated	   using	   the	  
centrifuge	  method.	  
	  
•  Thus,	  there	  is	  no	  correlaCon	  between	  water-­‐stress	  resistance	  and	  mechanical	  
strength	  in	  ferns	  as	  was	  previously	  observed	  for	  seed-­‐bearing	  plants.	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Fig.	  6:	  Vulnerability	  to	  cavitaCon	  was	  assessed	  using	  the	  centrifuge	  method	  
described	  by	  Alder	  et	  al.	  (1997).	  The	  Sperry	  apparatus	  was	  used	  to	  measure	  
hydraulic	  conducCvity.	  NaCve	  embolism	  was	  found	  by	  measuring	  ﬂow	  before	  
and	  aber	  removing	  air	  emboli	  with	  a	  vacuum	  pump	  for	  60	  min.	  
Fig.	  8:	  Mechanical	  strength	  (MOE)	  of	  
fern	  sCpes	  compared	  among	  a)	  eight	  
species	  of	  the	  Santa	  Monica	  Mountains	  
and	  b)	  six	  species	  of	  the	  Santa	  Cruz	  
Mountains	  by	  one-­‐way	  ANOVA,	  
followed	  by	  Fisher	  LSD	  Test.	  Diﬀerent	  
le3ers	  denote	  signiﬁcant	  diﬀerence	  at	  
P	  <	  0.05.	  Bars	  represent	  +	  1	  S.E.,	  n	  =	  
9-­‐26.	  
Fig.	  7:	  MOE	  versus	  a)	  osmoCc	  
water	  potenCal	  	  at	  the	  turgor	  
loss	  point	  (ΨΠ,	  TLP),	  b)	  osmoCc	  
potenCal	  at	  saturaCon	  (ΨΠ,	  
Sat),	  and	  c)	  minimum	  seasonal	  
water	  potenCal	  (Ψmin).	  Bars	  






Fig.	  9:	  a)	  Vulnerability	  curves	  to	  cavitaCon	  
created	  using	  the	  centrifuge	  method	  as	  
described	  by	  Alder	  et	  al.	  (1997)	  for	  Wf	  
(triangles)	  and	  Da	  (circles).	  NaCve	  embolism	  
was	  higher	  for	  Da	  than	  for	  Wf	  and	  
corresponded	  with	  ΨMD.	  b)	  Ψmin	  	  versus	  
Ψ50.	  Ψ50	  was	  obtained	  through	  the	  
applicaCon	  of	  a	  linear	  ﬁt	  (Da)	  and	  a	  second	  
degree	  polynomial	  ﬁt	  (Wf)	  to	  the	  
vulnerability	  curves.	  Bars	  represent	  +	  1	  S.E.,	  
n	  =	  6.	  
Fig.	  10:	  Seasonal	  changes	  in	  midday	  water	  potenCal	  (Ψmd)	  for	  eight	  species	  ferns	  growing	  in	  Cold	  Creek	  
Canyon,	  central	  to	  the	  Santa	  Monica	  Mountains	  of	  southern	  California.	  Bars	  represent	  +	  1	  S.E.,	  n	  =	  6.	  
Fig.	  11:	  OsmoCc	  water	  potenCal	  	  at	  the	  turgor	  loss	  point	  (ΨΠ,	  TLP),	  measured	  in	  
July	  2013	  and	  June	  2014,	  compared	  by	  one-­‐way	  ANOVA,	  followed	  by	  Fisher	  LSD	  
Test.	  Diﬀerent	  le3ers	  denote	  signiﬁcant	  diﬀerence	  at	  P	  <	  0.05.	  Bars	  represent	  +	  1	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